Coalescence of neutron stars gives rise to kilonova, thermal emission powered by radioactive decays of newly synthesized r-process nuclei. Although observational properties are largely affected by atomic opacities of r-process elements, available atomic data have been limited. In this paper, we perform the first systematic atomic structure calculations for all the r-process elements. We find that the distributions of energy levels tend to be higher as electron occupation increases for each electron shell. As a result, at typical temperature of kilonovae (T ∼ 5, 000 K), elements with a fewer number of electrons in the outermost shells give largest contributions to the bound-bound opacities since these elements have larger number of low-lying energy levels. The average opacities of mixture of r-process elements are found to be κ ∼ 20−30 cm 2 g −1 for Y e ≤ 0.20, κ ∼ 3−5 cm 2 g −1 for Y e = 0.25−0.35, and κ ∼ 1 cm 2 g −1 for Y e = 0.40 at T = 5, 000 − 10, 000 K, and they steeply decrease at lower temperature. We perform radiative transfer simulations with the new opacity data. We find that a model with 
INTRODUCTION
Coalescence of neutron stars (NSs) is a phenomenon of interest in a wide area in astrophysics: it is one of the primary targets of gravitational wave (GW) observations, a candidate progenitor of short gamma-ray bursts (GRBs), and a possible origin of the r-process elements in the Universe. In fact, the detection of gravitational waves from a NS merger has been achieved for the first time in 2017 (GW170817, Abbott et al. 2017a) . Subsequent electromagnetic (EM) observations over a wide wavelength range (Abbott et al. 2017b ) identified the counterpart AT2017gfo, and provided rich information including the link between NS mergers and GRBs (Abbott et al. 2017c ) and r-process nucleosynthesis by the NS merger.
In particular, intensive observations have been performed for AT2017gfo in the ultraviolet, optical, 2014; Kasen et al. 2015; Tanaka et al. 2018) . These multiple ejecta components are naturally expected in numerical simulations (see e.g., Shibata et al. 2017; Perego et al. 2017; Kawaguchi et al. 2018) . Although r-process nucleosynthesis is confirmed in GW170817/AT2017gfo, the exact abundance pattern synthesized by the NS merger is not yet clear. The most straightforward ways are identifying elements in the observed spectra and measuring their abundances. However, due to the large Doppler shift and blend of many absorption lines, conclusive identification is not yet done (see e.g., Kasen et al. 2017; Smartt et al. 2017 ). Another method is modelling the light curves. In fact, many attempts of light curve modelling have been performed by assuming simple, constant opacities (e.g., Cowperthwaite et al. 2017; Villar et al. 2017) . But the opacities in NS merger ejecta depend on the abundances and they evolve with time. Therefore, to connect the abundance pattern in the ejecta with the observed properties, we need to consider detailed atomic opacities of r-process elements
In fact, our knowledge on atomic opacities of r-process elements in kilonova has grown in the past several years. Kasen et al. (2013) first performed atomic structure calculations for selected lanthanide elements while compiled available data for r-process elements. They found high opacities of lanthanide elements. Then, atomic structure calculations for selected lanthanide elements and lighter r-process elements have been performed by Fontes et al. (2017) , Wollaeger et al. (2018) , and Tanaka et al. (2018) . More recently, Kasen et al. (2017) and Fontes et al. (2019) provided systematic calculations of lanthanide elements. However, available calculations and data are still limited and do not cover all the r-process elements that NS mergers synthesize.
In this paper, we perform the first systematic opacity calculations of all the r-process elements. In Section 2, we show results of atomic structure calculations. We present the opacities of these elements in Section 3. Then, we apply the opacity data for radiative transfer simulations in Section 4. Finally we give a summary in Section 5. Throughout of the paper, magnitudes are given in AB magnitude system.
ATOMIC CALCULATIONS

Methods
We perform systematic atomic calculations for the elements from Fe (Z = 26) to U (Z = 92). To cover typical temperature range of kilonovae (T ∼ < 20, 000K) at t ∼ > 1 day after the merger (hereafter t denotes time after the merger), we calculate atomic energy levels and radiative transitions for neutral atom and singly to triply ionized ions (I -IV) using HULLAC (Hebrew University Lawrence Livermore Atomic Code, Bar-Shalom et al. 2001) .
Since the calculation methods are same as in Tanaka et al. (2018) , we give only a brief overview of the calculations. In the HULLAC code, the orbital functions are derived by solving the single electron Dirac equation with a central-field potential which includes both a nuclear field and a spherically averaged potential due to electron-electron interactions. Then, N -electron configuration state functions are constructed by coupled anti-symmetric products of the orbital functions. The total Hamiltonian is diagonalized with multi configuration state functions and atomic energy levels are obtained as eigenvalues of the total Hamiltonian. Electricdipole transition probabilities are calculated in length (Babushkin) gauge.
We summarize configurations used in the calculations in Table 2 . Since the calculations involves the assumption of the central-field potential, the calculated results are compared with the energy levels in the NIST Atomic Spectra Database (ASD, Kramida et al. 2018) . The potential is optimized so that the first-order configuration average energies of the ground state and low-lying excited states are minimized. The configurations used for the energy minimization are shown in bold in Table 2. To perform systematic calculations, we normally choose only the ground configuration for the energy minimization. However, we also include other configurations when the lowest energy for each configuration significantly deviates from that in the NIST ASD. Figure 1 summarizes the calculated energy levels for all the elements from Z = 26 to Z = 92. The color scale represents the distribution of energy levels, i.e., the number of energy levels in every 0.2 eV energy bin. As expected from complexity measure ), f -shell elements have a larger number of energy levels than the other elements and then d-shell and p-shell elements follow.
Energy levels
The trend of the energy levels is determined by the combination of two effects as follows.
(1) Within a certain electron shell, the distribution of the energy levels tend to be shifted toward higher energy as more electrons occupy the shell (e.g., see Z = 40 to Z = 48 for the case of 4d shell). Since orbital radii become smaller with Z, values of Coulomb and spin-orbit integrals increases for larger Z. Therefore, the energy spacing, i.e., the energy difference to the neighboring level, also increases with Z (Cowan 1981) . As a result, the distri- Planck mean opacities for all the elements. The opacities are calculated by assuming ρ = 1 × 10 −13 g cm −3 , and t = 1 day after the merger. Blue and red lines present the opacities for T = 5, 000 and 10,000 K, respectively. bution of the energy levels becomes wider for higher Z in a given shell. (2) At the same time, the number of states is the largest for the half-closed shell since it gives the highest complexity, i.e., the number of combinations formed from different quantum numbers is the largest.
For the case of lanthanides (Z = 57 − 71), the total number of levels is the largest for Eu or Gd which have half closed 4f -shells, depending on the ionization states. But the distribution of the energy levels is pushed up as Z increases, and thus, the number of low-lying levels is not necessarily higher than that of other lanthanide elements. This is the reason why the opacities of these complex elements are not always higher than those of the other lanthanides (Section 3).
OPACITY
In a typical timescale of kilonova emission (t ∼ > 1 day), bound-bound transitions play the dominant role for the opacities in near ultraviolet, optical, and infrared wavelengths . To evaluate the bound-bound opacities in rapidly expanding medium, such as supernova or neutron star merger ejecta, expansion opacities are commonly used (Karp et al. 1977; Eastman & Pinto 1993; Kasen et al. 2006 ). In the homologous expansion, the expansion opacity is expressed by
where summation is taken over all the transitions within the wavelength bin ∆λ in radiative transfer simulations. Here τ l is the Sobolev optical depth for each boundbound transition;
where n is the number density in a lower level of the transition and f l and λ l are the oscillator strength and transition wavelength, respectively. Whenever not explicitly mentioned, the expansion opacities shown in this paper are evaluated at t = 1 day after the merger by assuming density of ρ = 1×10 −13 g cm −3 , which is typical for the ejecta mass of M ej ∼ 10 −2 M ⊙ and the ejecta velocity of v ∼ 0.1c.
Our simulations assume local thermodynamic equilibrium (LTE), and ionization states are calculated by solving Saha equation. Population of excited states follow the Boltzmann distribution. By the exponential dependence of the population of excited states (n ∝ e −E/kT ), bound-bound transitions from lower energy levels have much higher contributions to the total opacities. Figure 2 shows the overview of the opacity as a function of atomic number: the Plank mean opacities are shown for T = 5, 000 and 10,000 K for all the elements. In the following sections, properties of the opacities are discussed for each open shell of the elements.
f-shell elements
Open f -shell elements, lanthanides and actinides, have larger opacities than the elements with other open shells Fontes et al. 2017; Tanaka et al. 2018; Wollaeger et al. 2018; Fontes et al. 2019) . Due to the large number of energy levels with small energy spacing, the opacities Gd (64) Tb (65) Dy (66) Ho (67) Er (68) Tm (69) Yb ( Gd (64) Tb (65) Dy (66) Ho (67) Er (68) Tm (69) Yb ( (right panels). For T = 5, 000 K, Planck mean opacities of Pr, Nd, and Pm (Z = 59, 60, and 61) are the highest among lanthanide elements (Figure 4) . The opacities gradually decrease as more electrons occupy 4f -shell. This is because the number of low-lying energy levels decreases as f -shell has more electrons (i.e., Z increases). Although the total number of energy levels is the largest for nearly half-closed f -shell elements (Eu or Gd), their opacities are not necessarily highest, as also found by Kasen et al. (2017) and Fontes et al. (2019) . This is understood by the relatively high energy level distributions of Eu and Gd (Figure 1 ).
For T > 10, 000 K, the Planck mean opacities are the highest for nearly half-closed elements (Figure 4 ). This Atomic number Lanthanide 3000 K 5000 K 10000 K 15000 K Figure 4 . Planck mean opacities of lanthanide elements as a function of atomic number. For lower temperature (T < 5, 000 K), the opacity tends to decrease for higher atomic numbers. For higher temperature (T > 10, 000 K), the opacities are highest around half-closed elements.
is because relatively high energy levels of Eu or Gd start to contribute to the opacities. Also, at this temperature, the lanthanides are doubly ionized and low-Z lanthanide elements such as Pr and Nd have smaller contributions to the opacities.
Temperature dependence is different for low and high electron occupations in f -shell ( Figure 4 ). This dependence is more clearly visible in the right panels of Figure  3 . Low-Z lanthanide elements such as Ce, Pr, Nd (Z = 58, 59, and 60) show decreasing Planck mean opacities as a function of temperature because they have smaller number of electrons in 4f -shell. On the other hand, elements with more f -shell electrons such as Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb (Z = 62 − 70) show increasing opacities with temperature since they become closer to half-closed shell as temperature increases.
As shown in the right panels of Figure 3 , our opacity data for f -shell elements are applicable only at T ∼ < 20, 000 K since our atomic calculations include only up to triply ionized ions. This temperature corresponds to about 0.5−1 day after the merger although this epoch depends on the ejecta parameters such as mass, velocity, and opacity. We need atomic calculations for highly ionized ions to correctly understand the emission at earlier epochs.
d-shell elements
Open d-shell elements have the second largest contributions to the opacities after open f -shell elements. Compared with the f -shell elements, the opacities of the d-shell elements have a stronger wavelength dependence, i.e., the opacities are more concentrated to the shorter wavelengths around 1, 000 − 3, 000Å (left panels of Figure 5) . The Planck mean opacities are within the range of κ ∼ 0.01 − 10 cm 2 g −1 (right panels). For relatively low temperature (T < 5, 000 K), the elements with a smaller number of d-shell electrons tend to have larger opacities ( Figure 6 ). This is due to the lower energy level distributions and larger number of active strong transitions for the elements with the smaller number of d-shell electrons (Figure 1 ). For a higher temperature, the contributions to the opacities from the elements with 1 or 2 electrons in neutral atoms (Zr and Nb for 4d, Hf and Ta for 5d) becomes smaller (right panels in Figure 5 ) since these elements do not have d-shell electrons when doubly ionized. This is the reason why the Planck mean opacities have a peak around groups 7 and 8 at T = 10, 000 K.
As in the case of f -shell elements, opacities are underestimated at a high temperature (T ∼ > 20, 000 K) due to the lack of atomic data of higher ionization states. The applicable temperature range for d-shell elements is wider than that of f -shell elements because of the higher ionization potential of d-shell elements.
p-shell elements
Open p-shell elements have smaller contributions to the opacities compared with open d-shell and fshell elements Tanaka et al. 2018; Wollaeger et al. 2018) . The opacities are highest at ultraviolet wavelengths (left panels of Figure 7 ). For the optical and near-infrared wavelengths, the Planck mean opacities increase as a function of temperature but they are at most κ ∼ 1 cm 2 g −1 for T < 20, 000 K (right panels).
As in the cases for open d-shell elements, the opacities of p-shell elements are smaller for more p-shell electrons ( Figure 2 ) since the distribution of energy levels is shifted toward higher energy. This trend is more significant because the average energy levels of p-shell elements are higher than those of d-shell elements (Figure 1 ).
s-shell elements
The opacities of open s-shell elements are almost negligible to the total opacities. Since there are fewer number of transitions, they do not form quasi-continuum opacities (left panel of Figure 8 ). For the typical temperature of kilonovae, the Planck mean opacities are κ ∼ < 0.1 cm 2 g −1 (right panel). It does not mean, however, that they do not contribute to the outcome of kilonova emission. In fact, open s-shell elements such as Mg and Ca often show strong absorption lines in stellar spectra, and thus, s-shell elements may contribute to absorption lines in the spectra. Unfortunately, since the calculations presented in this paper (6th) Lu (71) Hf (72) Ta (73) W (74) Re (75) Os (76) Ir (77) Pt (78) Au (79) Hg ( (6th) Lu (71) Hf (72) Ta (73) W (74) Re (75) Os (76) Ir (77) Pt (78) Au (79) Hg ( are not accurate enough to predict the exact wavelengths of each transition, the usefulness of our opacity data for open s-shell elements is limited.
APPLICATIONS TO KILONOVAE
Opacities of element mixture
Ejecta from NS mergers consist of mixture of r-process elements. Abundance distribution is mainly determined by electron fraction Y e . The first dynamical ejecta have a wide Y e distribution down to Y e ∼ 0.1 (Wanajo et al. 2014; Sekiguchi et al. 2015 Sekiguchi et al. , 2016 Goriely et al. 2015; Radice et al. 2016; Foucart et al. 2016 ) while subsequent post-merger ejecta can have higher Y e due to the neutrino absorption if a massive neutron star remains for a certain period Fujibayashi et al. 2018; Fernández et al. 2019) . Lanthanide elements are efficiently produced with Y e ∼ < 0.25 (e.g., Lippuner & Roberts 2015; Kasen et al. 2015) . Therefore, if the ejecta consists of material with Y e > 0.25, a short-lived, bright and blue emission is expected due to the absence of high opacity lanthanide (Metzger & Fernández 2014; Kasen et al. 2015; Tanaka et al. 2018) .
We are now able to quantitatively connect the opacities to Y e thanks to the systematic atomic data. For the mixture of elements, we construct a line list from Kurucz's line list (Kurucz & Bell 1995) for Z = 1 − 28, the VALD database (Piskunov et al. 1995; Ryabchikova et al. 1997; Kupka et al. 1999 Kupka et al. , 2000 for (5th) In (49) Sn (50) Sb (51) Te (52) I ( (5th) In (49) Sn (50) Sb (51) Te (52) I ( Figure 9 shows expansion opacities for different Y e . At Y e ≤ 0.20, the opacities do not strongly depend on Y e . The Planck mean opacities stays around κ ∼ 20 − 30 cm 2 g −1 at T > 5, 000 K. The temperature dependence at T > 5, 000 K is weaker than in individual elements because of the mixture of elements with different peaks positions as a function of temperature.
The opacities are smaller for higher Y e . For Y e = 0.25 − 0.35, the Planck mean opacities are in the range of κ = 1 − 10 cm 2 g −1 at T > 5, 000 K. The opacities slightly increase with temperature due to the contribution of latter half of d-shell elements (group 8-11, see Figure 6 ). For Y e = 0.4, the contributions from d-shell elements decrease and the opacities are even lower, i.e., κ = 0.1 − 1 cm 2 g −1 at T > 5, 000 K. At a high temperature (T ∼ > 20, 000 K), the opacity of the low Y e case decreases more rapidly than that of the high Y e case. This is due to the limitation of ionization states in our atomic data (see Sections 3.1 and 3.2), i.e., our opacity data are not applicable for high tempera- ture. Since the ionization potentials of d-shell elements are generally higher than those of f -shell elements, the applicable temperature range is wider for high Y e cases, where d-shell elements dominate the opacities.
Note that the opacity of κ = 0.1−0.5 cm 2 g −1 is often used for blue kilonovae because it gives a good approximation for Type Ia supernova. However, the opacities of mixture of r-process elements are almost always higher than κ = 0.1 − 0.5 cm 2 g −1 even for high Y e , except for a low temperature (T < 2, 000 K). This is because Fe is not necessarily representative of d-shell elements and the contribution of Fe-like elements (Ru and Os) is low compared with other d-shell elements at T < 10, 000 K ( Figure 5 ). and t = 1 day after the merger). d 1.1 × 10 −1 excluding elements with Z ≥ 93, for which no atomic data are available.
For the ease of applications in analytical models, we give average values of the Planck mean opacities in Table  1 . However, it is emphasized that the average opacities are derived only at T = 5, 000 − 10, 000 K and there is a strong temperature dependence at T < 5, 000 K. Furthermore, the expansion opacities also depend on the density (and thus, the position in the ejecta) as well as the time after the merger. Therefore, we need full numerical calculations to quantitatively connect observational properties with abundance distributions.
Light curves
In this section, we apply our new opacity data to radiative transfer simulations of kilonovae. We use a Monte-Carlo radiative transfer code developed by ; Tanaka et al. (2014) and further updated by Kawaguchi et al. (2018) to include special-relativistic effects. We adopt a simple one-dimensional ejecta model with a power-law density structure ρ ∝ r −3 from v = 0.05c to v = 0.2c , which gives an average velocity of v = 0.1c. The total mass is set to be
To see the effects of opacities, we perform simulations by changing the abundances of r-process elements. low Y e (Y e = 0.10 − 0.20, lanthanide fraction of ∼ 0.1). The abundances are averaged over the Y e range above by using single-Y e nucleosynthesis calculations with a step of ∆Y e = 0.01 by Wanajo et al. (2014) . The nuclear heating rates for corresponding Y e ranges are also taken from Wanajo et al. (2014) . The thermalization efficiencies of γ-rays, α particles, β particles, and fission are separately taken into account by analytically estimating characteristic timescales (Barnes et al. 2016) .
The overall light curve behaviors are not significantly different from our previous calculations ) using only Se (p-shell), Ru (d-shell), Te (p-shell), Nd (f -shell), and Er (f -shell) as representative elements. However, the light curves with new opacity data are more smooth both in time and wavelength. In particular, the use of representative elements can often exaggerate emission in certain wavelengths. At later time (t ∼ > 10 days), only transitions from low-lying energy levels contribute the opacities. And thus, the use of small number of elements artificially enhances contributions from transitions of these elements. These effects are smeared out by properly including all the elements, which results in smooth spectra.
The differences in the abundances are clearly imprinted in the multi-color light curves (Figure 10 ). For lower Y e , the light curves become redder, i.e., optical brightness is suppressed and NIR brightness is enhanced. Due to the large opacities in the intermediate and low Y e models, the evolutions of the NIR light curves are slow. A blue emission dominated in the optical wavelengths is realized only for the high Y e model at t < 3 days after the merger.
Compared with the observed properties of AT2017gfo associated with GW170817, the early optical light curves are most similar to the high Y e model while the NIR light curves are most similar to the intermediate Y e model. The same agreement is also found in the bolometric light curve (Figure 11 ). The early part (t ∼ 1 − 2 days) best matches with the high Y e model while the later part matches with the intermediate Y e model. Note that our models are very simple, and ejecta parameters such as mass and velocity are not tuned to reproduce the properties of AT2017gfo. Nevertheless, these qualitative agreements confirm the presence of multi-component ejecta with different abundances.
The low Y e model overproduces the total luminosity and gives too red color, which suggests that such a low Y e component with a lanthanide fraction of X(La) ∼ 0.1 is not dominant (M ej ≪ 0.03M ⊙ ). This is consistent with a relatively low lanthanide fraction X(La) ∼ < 0.01 estimated by the spectral and light curve modelling Kasen et al. 2017; Kilpatrick et al. 2017; Tanaka et al. 2017; Tanvir et al. 2017 ).
Spectra
The spectral features in our models are of interest because this is the first calculations with the atomic data of all the r-process elements. Figure 12 compares the model spectra with the observed spectra of GW170817/AT2017gfo with VLT/X-Shooter Smartt et al. 2017 ). The models capture overall spectral shape and its evolution: the high Y e model gives a similar shape of the optical spectra at early phases while intermediate Y e model gives a similar NIR flux level at later phases.
However, detailed spectral features are not necessarily consistent between the observations and models. This is not surprising because our atomic data do not have a good accuracy for each transition wavelength. To identify the spectral features, we need to use either wellcalibrated (but not complete) atomic data as done by or very accurate atomic calculations as done by Gaigalas et al. (2019) .
There are two potentially important drawbacks in our models. One is too narrow spectral features in the early spectra. This is due to the assumption of v = 0. gested (e.g., Kilpatrick et al. 2017; McCully et al. 2017; Nicholl et al. 2017; Shappee et al. 2017 ). However, it was based on comparison with previous models, which could exaggerate the spectral features by the incompleteness in the atomic data. The comparison with our new model with the complete opacity data securely confirms the necessity of the high velocity for the blue component.
The other is the deficit of the optical flux at t ∼ > 5 days after the merger. This is also seen in the light curves ( Figure 10 ). It is difficult to keep the optical flux at t ∼ > 5 days because the optical flux in the high Y e model declines too quickly and those in the intermediate and low Y e models are suppressed too much. This difficulty remains even by changing ejecta mass and velocity. We may need multi-dimensional simulations by taking into account the interplay between multiple ejecta components (Kawaguchi et al. 2018) . Alternatively, this difficulty may point out the necessity of more advanced radiative transfer calculation by taking into account nonlocal thermodynamic equilibrium or fluorescence of numerous transitions, which are known to be important in supernovae (e.g., Baron et al. 1995; Pinto & Eastman 2000; Mazzali 2000; Dessart & Hillier 2005) .
SUMMARY
We perform the first systematic atomic structure calculations for neutral atoms and singly, doubly, and triply ionized ions of the elements from Fe (Z = 26) to U (Z = 92). Using the results, we calculated the opacities of all the r-process elements which can be applied for kilonovae.
We find that the distributions of energy levels tend to be shifted to higher energy for increasing number of electrons in each shell. Also, the total number of excited levels is the highest for the half-closed, most complex elements. The combination of these two effects determines degree of contributions to the opacities. For typical temperature of kilonova (T ∼ 5, 000 K), elements with lower number of electrons have bigger contributions to the opacity thanks to the relatively low-lying energy levels. By this reason, Fe is not a good representative for the opacity of lanthanide-free ejecta. For a higher temperature (T ∼ > 10, 000 K), elements with more electrons start to contribute because more transitions from excited levels become active.
The average opacities of mixture of r-process elements are κ ∼ 20−30 cm
for Y e = 0.25 − 0.35, and κ ∼ 1 cm 2 g −1 for Y e = 0.40 at T = 5, 000 − 10, 000 K. But since the opacities depend strongly on temperature at T < 5, 000 K and they also evolve with density and time, we need detailed radiative transfer calculations to properly extract information from observations. Radiative transfer simulations with the new opacity data confirm that multi-component ejecta are necessary to reproduce the observed properties of GW170817/AT2017gfo. The early blue part is best explained by the model with high Y e (Y e = 0.30 − 0.40, no lanthanide) while the late NIR part is more similar to the model with intermediate Y e (Y e = 0.20 − 0.30, lanthanide fraction of ∼ 5 × 10 −3 ). The model with low Y e (Y e = 0.10 − 0.20, lanthanide fraction of ∼ 0.1) overproduces the NIR light curves, which suggests that such a low Y e component is not dominant (M ej ≪ 0.03M ⊙ ).
Although our calculations include all the r-process elements, the detailed spectral features in the model cannot be compared with the observed spectra because our atomic data only focus on statistical properties and do not have enough accuracies in the transition wavelengths. To identify spectral features, combined use of accurate, well-calibrated (though not complete) atomic data will be important. 
